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b region for the purpose of determining the probability of rupture in the event

- the tank car is moved or unloaded, and (3) A real-time monitoring system(s) is :
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mcved or unloaded and provide immediate warning to the wreck-clearing crew of
impending failure or rupture. The contents of this report are the results of a -
preliminary evaluation of the technology required, details of technical f£ind- -
ings, amd identification of areas of needed research. 1

o

]

1

X Accession For P - :
TNTIS T GRART K o
DTIC TAB M
Imannounced O ) {

Justification |

Sy __
_Distritutton/ |

Availability Codeu
Avail and/or ¢
Dist ‘ Special

ud

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

PR . Lt e T A T A S R A T YRS
e A A B B A e e ] il : PR P Yt APCEEC I Tt U WV S W, Fa W Ul S WhSPULAY Wl W Vel Wk Wall Wkt Sty




EXECUTIVE SUMMARY

EG&G Idaho, Inc., prime operating contractor of the Idaho National
ingineering Laboratory, was requested by the Ballistic Research Laboratery
133k}, Adsraeen Proving Ground, Maryiand to become involvad in a 8RL erfort

£ resolve propiems associated witn the avaiuation of deraiied tank cars

carrying hazardous materials. This is part of a broad research program BRL
is perfarming for the Federal Railroad Administration (FRA) in Raiiroad
Safety Research. Thus, the funding for this work was provided by the FRA.

'r- The key issue is to develop procedures for assessing the level of safety
ol for the benefit of those invelved in moving and/or unloading the damaged
tark car.
The technology needed to predict the level of safety consists of the
following systems:

1. A system(s) to determine the probability of rupture from a remote
location for the purpose of deciding 1f 1t is safe for personnel
to approach the tank car.

2. Assuming the tank car has been safely approached, then a contact
system(s) 1s required to evaluate the damaged region for the
purpose of determining the probability of rupture in the event
the tank car is moved or unloaded.

3. Finally, a real-time monitoring system(s) is required to detect a

change in the condition of the tank car as it is being moved or
unloaded and provide immediate warning to the wreck-clearing crew _
of impending fallure or rupture. N

EG&G Idaho was requested by BRL to perform a preliminary evaluation of 1
the technology required for the above items. This document provides 'f
details of the Findings and itdenttfies areas of needed research. These are ;}:]
summarized as follows: e
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1. Remote Sensing Capabilities

Remote sensing equipment may consist of, but is not limited to,
ii an infrared system for detecting leaks in the tank car and moire
and/or lasar systams for measuring the axtant of !noentaticn of
, the damagea arsa. The extent of tne indentaticn can be r2iated
iﬁ to wall thinning, which in turn can indicate the change in
fracture toughness and the stress associated with the deformation
and allow estimates of the amount and seriousness of wall

cracking.
"
This preliminary analysis has established that a correlation dJoes
exist between wall thinning and the amount of cracking. Also, it
has been shown that wall thinning correlates with the reduction
° of fracture toughness. However, the data sample is 1imited and

in order to gain a high confidence and to quantify these
observations, it is necessary to analyze more than the few
, specimens which have been studied thus far. For the purpose of
z verifying these conclusions, a “"typical tank car" damaged in a
real accident should be studied and the result compared with the
sample data.

2. Contact Sensing Capabilities
The preliminary evaluation of ten indented plates made of a

typical tank car steel shows that ultrasonic techniques
constitute a quick and accurate method for measuring wall

. thickness, locating and characterizing cracks, and estimating }
e metallurgical changes. The accuracy of the ultrasonic techniques N

ff; for detecting cracks which have penetrated the surface of the ;f
;* steel plate has been verified by using dye penetrant. There are . R
' other NDE techniques which may be of beneflt in specific ﬁ
{;f situations, but ultrasonic techniques are superior in the general f ;
f;; case. One difficult sttuation is that the tank car may have a ;ji
° thermal coating over the outer shell and, in that case, the ‘

;. coating would have to be removed in order to use ultrasonic ]
o 7]
o 4 »
: |
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techniques. However, while the coating 1s being removed, the
tank car can be monitored for crack growth by using acoustic
emission technigues.

0L

Real-Time Monitoring Capabilities

i - As the tank car ts being moved or unloaded, its condition should
be monitored with the acoustic emission devices mentioned above.
In that case, available techniques need to be modified to permit
the separation of acoustic emissions from other noise generated

[

as the tank car is being moved. Expertence from previous studtles
by £G&G Idaho has shown that the detection of crack growth in
materials similar to those used in tank cars is feasible.

In addition to the detection and characterization of flaws in the tank
car, it is necessary to determine the critical flaw size that would cause
fallure in the undamaged tank car material and the critical stress for
fatlure in the damaged tank car. A l1iterature search of ASTM A515-70 type
steel revealed that there is Insufficient information to develop a data -
base. This prevented a statistical analysis to determine the probability
of overestimating the plane strain fracture toughness (K for the

. .y

).
I¢c
| damaged tank car, where the wall thickness had been reduced 25%, estimates v
‘ of KIc of 40% and 30% of the KIc estimate for undamaged steel (100% -
| wall thickness) were used tn the fracture mechanics analysis (LEFM

concepts) to predict the conditions for failure.

Que to time and matertals 1imitations, it was not possible to perform
valid KIc measurements, and estimates were made usting the true
stress/true strain curve generated from tensile tests of AS515-70 steel.
_ Nor was 1t possible, for the same reasons, to determine if the change in
’ KIc is due to an increase in the nil ductility transition temperature
(NOTT) or to a decrease in the upper shelf value.

Ala'n Abk ok it

The calculations and analyses performed indicate that LEFM techniques
aro useful for predicting fallure conditions and identify the areas where
additional work is needed. Based on LEFM analysis {(calculation of critical




flaw size/critical applied stress values based on KIC). the parameters
necessary to predict the safety of moving a damaged tank car are identified
and recommendations made to increase accuracy and reduce the conservatism
of these nredictions,

Jitimately it will De necessary to reiate the real conditions
prevalling in an accident to the basic data. Thus, it will be necessary to
determine the level of stresses the tank car will experience, relate this
information to the data base, and then predict the safety Jevel. A
valuable tool would be a stress analysis program which would compute the
stress levels throughout the tank car, given the loads expected when the
tank car is moved. This would allow studie: which could provide guidelines
on how to move the tank car with the minimum amount of stress in weakened
regions.

To verify the models generated in these studies, experiments need to
be conducted on modei tank cars instrumented with strain gages,

accelerometers, acoustic emission sensors, and perhaps other NDE devices.
Once the procedures are fully developed and verified for model tank cars,
then a full size tank car test for verification may be justified.

w e ad
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1. INTRODUCTION

EG&G Idaho, Inc., the prime operating contractor cf the Idaho National
Ingineering Laboratory (INEL), was commissiored by the 3allistic Resaarch
“iboratory {BRL) %o 2ssist in an effort o racoive crotlems associatad with
the evaluation of derailed tank cars carrying hazardous materials. The 3RL was
under contract with the Federal Railroad Administration (FRA), Derartment of
Transportation (DOT), to conduct a study dealing with the safety aspects of
clearing wrecked tank cars loaded with hazardous materials under pressure. The
key issue is to develop procedures which will enable personnel to accurately
predict the level of safety for those involved in moving and/or unloading the
damaged tank car. INEL was requested by BRL to become involved due to its ex-
tensive experience and knowledge in the field of nondestructive evaluation
(NDE).

The historical information which supports the decision to do this work
includes the fact that 24 fatalities and 118 injuries have been sustained in
recent years due to tank car ruptures during wreck-clearing operations. The
worst occurred following a 23-car derailment at Waverly, Tennessee on February
24, 1978.1 In that incident, a damaged tank car containing liquid petroleum
gas (LPG) ruptured two days after a derailment, during preparations for having
its lading transferred. The lading was released and the ensuing fire killed 16
persons and injured 43 others. Another incident occurred on April 18, 1979 at
Crestview, Florida where several wreck-clearing personnel were exposed to
anhydrous ammonia from a tank car which unexpectedly ruptured.2 These incidents
show that wreck-clearing crews, emergency response teams, and the public are
in danger even after the initial hazards in a derailment involving hazardous
materials have been neutralized.

"nRaitroad Accident Repont-Denaifment of Louisville and Nashville Railroad
Company's Train No. 584 and Subsequent Rupture of Tank Car Containding Liquid

Petrwoleum Gas, Waverly, Tennessee, February 22, 1378," NTSB-RAR-79-1, U.S.
National Transportation Safety Board, February 1979.

Z"RaiZnaad Accident Report-Lowisville and Nashville Raitroad Company Freight
Train Deraidment and Puncture of Hazardous Materials Tank Carns, Cresivdiew,
Flerdida, Apndill§, 1979," NTSB-RAR-79-11, U.S. Naticnal Transpertaicion Sagety
Board, September 1979,
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The historical evidence caused the National Transportation Safety Board
to initiate a special investigation to identify the hazards caused by the re-
duction of the ability of damaged cars to contain their lading; to detarmine

<he 30171ty of axoerts o0 2s%imaite his reduced capabilizy; and 4o examine

w
feY)

«t

r
.4

ne T2asibhil

ity of develooing oractical guidelines tc heln demarmire how 3
damaged nazardous materials tank car should be 'nanc'led.3 This study used 3
tank car which had sustained a large dent in derailment, but had not ruptured
as it was returned upright back on the track and the hazardcus material (viryl
chloride) unloaded. The tank car was examined by a group of experts using dye
penetrant and portable magaflux NDE equipment, both on the inside and the out-
side of the tank car. No cracks were found by this inspection. The experts
tnen predicted that the dent would begin to deflect outward at a pressure
estimated to range from 75 to 290 psi with no predictions that a rupture would
occur below the design-tested pressure level of 340 psi. However, when the
tank car was nydrostatically tested, the dent began to deflect at 30 psi and
the tank car ruptured at 205 psi. The most important conclusion resulting from
the study was that there is currently no accurate method for estimating the
residual strength of a damaged railroad tank car.

There are actually three situations where NDE techniques are applicable
in dealing with tank cars: manufacturing, inservice inspection, and after
sustaining damage. During manufacturing it is relatively easy to use NDE since
the procedures can be systematized to fit the constant routine of construction.
A more difficult situation is routine inspection of tank cars during their
Tifetime of service. In that case, the cars are fully constructed with geome-
tries not so amenable to systematic procedures. For example, the tank car may
have a thermal coating, a jacketed insulation system, or both. However, the
most difficult application is the evaluation of a damaged tank car in the
field. In that case, the geometry can vary according to the size and shape of
the dent and the position of the tank car. It is anticipated that the NDE
procedures required will be difficult to systematize and in some cases the
evaluation may have to be performed at a remote location from the tank car.
The effort reported here was concentrated on the third situation since it is

3”SPECZAL INVESTIGATION REPORT — Tank Cat Stwctuwral Integhity Ajiar Deradll-

ment," NTSB-SIR-80-1, U.S. Naticnal Transpontation Board, Cetcber is, 1980,

14




ocelieved that the solution for the two previous situations will occur autcma-
tically from the research effort on the tnird.

There are four steps in the assessment oroblem o€ 3 derailed iznk car:

a
[}

ct

ramota avaiuation, c¢lose-up evaiugticn, moving/unioading, ard suitabi

4 Tor

Turther service. Since the tank car will pe loaded witnh 3 hazZardous material,

. it will be necessary to assess from a distance the safety of aporoaching it to
perform & close-up evaluation. One of the first sroblems is to determine if
the car is leaking and, if it is, based on a knowledge of the contents of the

k: car, determine the appropriate action. If no leaks are detected, then by re-

lating the dent size and depth to possible flaws (such as a crack), it must be
determined if the car can be approached safely. This will be a gross evalua-
tion of the tank car and will be based on correlation of flaw data with

w. characteristics of the dent.

f The next step is to perform a close-up evaluation of the tank car with
MDE techniques which require actually touching the tank car. In this case, the

flaws in and around the dent will be detected and the signatures of these —
flaws fed directly into a computer. The computer will compare the signatures T
with a memory data base and then automatically read out the type of flaws and g
their potential for rupture as a function of applied strain. The data base
will be obtained by studying tank car steel specimens and will consist of flaw
signatures, stress-failure data, and corresponding strain values. The result .
of this assessment will be a determination of the safety o moving or unload-

ing the tank car. The level of care to be taken will depend on the type of

hazardous material in the tank car and the estimate of the chances of a rup-

ture.

The third step is to monitor the tank car as it is being moved or unload- i;{.
ed. The pur:ayse of the monitoring system is to instantly detect crack initia- .
tion, crack growth, and tank car leakage to provide an immediate alarm to the
wreck-clearing personnel to stop operations and clear the area. In the event -
of a rupture, a few seconds warning can be the difference in the accurrence of o
casualties or a safe retreat of the wreck-clearing personnel.

15
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The final step is to evaluate the unloaded car for the purpose of
repair and final assessment to determine if it meets safety requirements
*. for continued service.

2

.

Plf Fundamentail reguirements of an gverall system are the folicwing:

F 1. Remoteness and Quickness

f Remote sensing should be used to the maximum extent possible for
the safety of personnel. Due to the fact that the situation may

r:] be developing rapidly, there should be an emphasis on speed,

2 immediacy, and timeliness of the information to be gathered.

2. Accurate Determinations

Oue to the high potential for loss of lives and property, an
accurate determination of the condition of the tank car is
required. A significant body of basic metallurgical, stress,

structural, and historical data need to be developed and made :“Q
available for correlation in the field with NOE findings.

3. Portability

. —

Techniques employing equipment or information which cannot be
assembled on the accident site immediately will contribute 1ittle
to the required assessment. The need for portability places a
constraint on the various techniques which can be employed and 4
requires development of an overall systematic approach.

In support of the BRL investigation, EG&G Idaho conducted a survey of
NDE techniques and performed an NOE evaluation and fracture mechanics
analysis of ten indented specimens of a typical tank car steel. The
experimental NDE effort provided very encouraging results, in nearly every R
instance confirming initial hypotheses on what could be expected. The NDE's Fii
and fracture mechanics’ work presented are very preliminary and represent a
very small statistical base. Confirmatory measurements in other materials

16
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are clearly needed. Extended efforts involving measurement of additional
variables are also needed. Ffinally, it is clear that, to be useful, these -

efforts must be extended to a significantly greater statistical base, with
nany mor2 sgecimens investigatad in detail.

-
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2.- SURVEY OF NONDESTRUCTIVE EVALUATION TECHNIQUES

Nondestructive evaluation (NDE) is a large and rapidly developing
fiaid. The field is solidly hased on what may be called the "classicai®
tachniques such as radiography, ultrasonics, and penetrant tesiing. In
addition, there is a growing body of very sophisticated instruments and

analytical methods, based on these classical techniques, which are capable
of extracting constderably more information. Ffurther, there is a similarly
growing body of NDE techniques based on physical principles that are new to
i: the field, and which can be extremely useful in appropriate circumstances.
The successful practice of NDE using any technology must include
well-thought-out and methodically used procedures and protocols and must

correlate the data obtained with physical, structural, and historical
information.

The NDE techniques are only a portion of the overall system required
for tank car damage assessment and should be considered in the framework
of a system which (a) assesses the current status, safety, and structural
integrity of the damaged tank car, and (b) predicts the same with the
greatest possible accuracy for successive future operations. This section
is a survey of NDE techniques, both classical and more recent, which may be
applicable to damaged tank car assessment at various stages of the
accident-recovery scenario developed in the previous section. The choice
of appropriate methods depends on the conditions under which they will be
used, on the observations that can be made, and the information that can be
gained from them at each stage, and on background information which is or
can be made available to assist in the assessment. These are discussed
briefly below to assist in evaluating the NDE techniques to be considered.

2.1 Information Obtainable by NOE .

Some of the measurements which can potentially be made by NOE are
discussed here.

18

............................................
.........................................
...............................................

- -
e i m e



2.1.1 Leaks

A relatively large leak may be visually observable. Somewhat smaller
leaks may be detected by their effects on the local temperature. 3oth the
adtanatic expansion of 3 compressad gas and the neat of vaporization of 3
tiguia/vapor chase cnange lower the temperature of the escaping vapor and
its immediate surroundings. Thus the detection of local cold spots is an
important technique for locating leaks and remote sensing of these
' temperature differences can be important in the early stages of the
%m accident-evaluation.

Y |

The importance of smaller and smaller leaks increases as personnel
approach a damaged tank car. Furthermore, it is especially important to quick-
s 1y detect leaks that develop during unloading operations, or as a loaded car
T. is being moved or handled. Fortunately, the turbulence of an escaping com-

- pressed gas almost always generates a "whistle" that can be detected with
appropriate instruments. The sound is usually impulsive, and depending on the
'ii circumstances, can range in pitch from sub-audible through the range of

‘ human hearing to the ultrasonic range. A sudden change in characteristics of
such a whistle can- indicate the onset of an unsafe condition,

2.1.2 QDeformation Caused by the Accident

The deformation is, in itself, an important indicator of the tank car's

status, and can point to the locations of potential structural weakness.

If the degree of deformation can be reliably correlated to the mechanical

properties which determine structural integrity, such as sectlion thickness,

residual strength, and fracture toughness, deformation measurement would be
. a very powerful tool for assessment. Since deformation can be measured

remotely, this important safety information can be obtained early in the .

process. ?};1

There are several possible measurements of deformation for use in -
damage assessment. These include dent radius and depth, thinning In
deformed areas, and changes in the relative positions of tank car
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components. (An example of the latter would be a truck out of alignment.
Depending on the design of the tank car, this could indicate severe stress
and possible damage to the structural integrity at its point of attachment
which may oe locitad far from obvious denting.)

2.1.3 C(Cracks, Tears, and Ruptures

Cracks, tears, and ruptures fange from minor surface phenomena to
major openings which may or may not be leaking. Cracks can be observed by
a number of techniques. The larger cracks will be located in areas of
éctual strength reduction, and all cracks point to areas of potential
reduction in the mechanical properties which determine the car's structural
integrity.

2.1.4 Surfaces and Surface Conditions

The surface conditions are primarily qualitative indicators of areas
of disturbance and possible damage. Severe rusting, for example, indicates
areas of possibie structural weakness and potentially increased damage due
to the stresses of an accident. The movement, flaking, or chipping of
paint, coatings, or insulation can also indicate areas which may be
damaged. On a different level, local change in the texture of a metallic
surface often indicates severe metallurgical damage.

2.1.5 Subsurface Conditions

Hidden subsurface cracks, physical discontinuities, and defects of all
kinds are observable by a number of NDE techniques. Some techniques are
capable of detecting local changes in mechanical properties, under some
conditions at least, in otherwise "solid" metal.

2.2 NOE Technigues

NOE techniques are required which can be deployed rapidly under
emergency field conditions, observe the quantities discussed, and yleld
reliable results. [t should be understood that considerable work may be
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necessary beforehand to obtain the metallurgical, structural, stress, and
historical information to correlate with the NDE results to give a complete
and accurate assessment rapidly. The following technigues may be useful
for this probiem.

2.2.1 Visual Inspection

The eye of an intelligent, trained observer, properly supported, is

one of the most effective NDE tools availabie. In areas where capabilities
overlap, visual technigues generally yleld results that are far superior to

any other. They are especially applicable to assessment from a safe
distance.

Proper support for visual inspection includes training, written
procedures and checklists carefully prepared in advance, and appropriate
tools. Appropriate tools may include telescopes, lighting, and comparison
standards for determining alignment and deformation. Visual techniques are
capable of determining the contours of major deformations and measuring
their parameters remotely. It has been demonstrated, for example, that
appropriate moire patterns projected optically on a surface can quickly
reveal changes in contour and assist in accurate measurement of the extent
and depth of denting and deformattion. Laser surveying instruments can be
used to measure relative deformations precisely 1f necessary.

Supported visual examination is most applicable to the preliminary
stages of the scenario, which include assessment of large leaks, assessment
of deformations of all kinds, and observations of surface conditions and
areas of potential damage. Closeup observations later on can extend this
general information to finer details of importance.

2.2.2 [Infrared Techniques

A1l objects at temperatures above absolute zero emit electromagnetic
radiation with amplitude and frequency spectra that depend on the
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temperature and on the object's surface emissivity. At temperatures below
incandescence, the emitted radiation is in the infrared and longer

[ ] wavelength regions of the spectrum.

Commercially available instruments sensitive to infrarad radiation are

oftean capable of measuring temperature differences that are smaller than

IE one degree Fahrenheit. Some are capable of faorming infrared images on a
television-Tike device with good resolution. Such images allow the
operator to visualize or pinpoint areas of anomalous hot or cold. These
devices, and companion instruments which measure the temperature along a

:] 1ine or at a spbt, form the basis for infrared NOE. With appropriate
procedures, techniques, and experience, infrared NOE is used regularly in
many industrial settings for such purposes as evaluating insulation and
determining the performance of electrical transformers. An important

) characteristic is its ability to make remote measurements.

Infrared NDE appears to be applicable to leak detection for damaged
tank cars. The liquid/gas phase change and adiabatic expansion of gases
il will provide a significant degree of local cooling at the point of the
: leak, in the vapor cloud, in any accumulation of liquid on the ground, and
in the immediate surroundings of these places. Infrared imaging should
: reveal the presence of all but the smallest leaks from a safely remote
' location.

2.2.3 Acoustic Emission

4 Most physical processes generate molecuylar or atomic motions which
travel as elastic or acoustic waves. Examples of processes which generate
acoustic waves are the turbulent flow of a gas or liquid, the formation of
cracks and tears in metallic structures, and plastic strain of metallic

’ structures. These processes cause sound waves at frequencies ranging from

fractions of a hertz to megahertz with intensity values having a similarly

large range. The discipline of acoustic emission monitoring is based on
these properties.
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Acoustic emission instruments and techniques have been developed for

l applica:ion over a substantial frequency and sensitivity range. Acoustic
emission s used routinely to monitor tensile, fracture, and fatigue
tasts. It is sossible to detect oiastic deformation during tansile tasting
Jv using a saasitive sysiam. In fracture ang fatique tasts, 3 lgwer

l ) sensitivity is used to detect crack growth. Crack growth signals can be
separated from interfering sources of noise coming fr.. outside of the
region of interest. In industrial applications, acoustic emission is used
to monitor hydrostatic tests of pressure vessels and piping systems. A

- number of other applications are also routine.

The success of acoustic emission is based on the fact that acoustic
waves can be detected at some distance from their origin. Arrays of
transducers and electronic systems are used to measure the relative time of
arrival of the wave at each transducer; then a relatively simple computer
program solves the seismic equations (exactly as in earthquake detection)
to identify the stress point (the "epicenter®) from which the sound

originated. The system rejects those sound waves which are originated -

. Il
e

outside the designated region of interest.

It appears that acoustic emission techniques may have several » :J
i applications in the present problem. Once it has been determined that the . ~T
damaged tank car 1s safe to approach, one or more acoustic emission sensors
having the appropriate frequency range could be used to detect (from a
distance, once the sensor has been placed in contact) crack growth and/or
; small leaks. Changes in emission characteristics might later be used as an
early warning while personnel are working near the car. Acoustic emission
techniques could be used at later stages when the damaged car is being

4
_ raised or moved to pinpoint structural changes caused by a redistribution ~lfi
y 7 of stresses. ‘
1
2.2.4 Magnetic Particle NDE R

) Discontinuities in magnetized ferromagnetic materials disturb the

residual magnetic field, increasing its strength near the discontinuity.
Very fine magnetic powders or particles, often dyed brilllant colors, are
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atiracted to these anomalies in the magnetic field and outline minute
surface and subsurface discontinuities. The most familiar use of the
technique is in testing automotive components for cracks, but much more
seenisticatad dand sensitive acuipment is 2mpioved in many industries,

inc'iding aercgscan? and nuc.ear.

In applying the technique, one first magnetizes the component to be
testad. The method c¢f magnetization varies, depending on the shape and
size of the component. Encircling coils and contact coils carrying large
currents are used frequently. In some systems, the part being tested is
itself used to carry the magnetizing current. It is important that the
direction of the resulting magnetization be perpendicular to the direction
of the discontinuity to be detected; often several magnetizations are
required. It is important to note that changes in shape or contour of the
part being tested, such as at welds or corners, also distort the magnetic
field and give false indications; separating true from false indications
requiras a skilled operator.

The large currents required for magnetization, even though they are
usually at low voltages, raise the possibility of sparks should the

equipment or cable malfunction or the operator err; this is highly
undesirable. The process as commonly used would require the presence of a
trained operator at the damaged car. Magnetic particle NDE would be
difficult to automate for remote use and does not provide a significant
advantage over other surface and subsurface crack detection methods which
are more amenable to the situation.

2.2.5 Eddy Current NDE

Eddy current NDE is used, 1ike magnetic particles, to detect
surface-breaking and slightly subsurface cracks and similar defects. The
eddy current probe s a coil which is designed to be the primary winding of
a transformer. It 1s held mechanically in close proximity to the surface
to be evaluated. Ailternating current, typically at audto frequencies, in
the coil induces currents in the part being examined while the part itself
becomes, in effect,a single-turn shorted secondary winding of the
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transformer. As the coll passes over a defect in the part, the path taken
by the induced eddy currents changes from what it had been in nearby sound
metal, generally becoming longer. The changed impedance seen by the eddy
currents is reflected electrically into the primary coil circult where it

‘s medsurad as 3 change n the phase oF the excitation current. The dhase
changes can be calibrated in terms of crack parameters such as deotn.

The technique 1s difficult to apply to ferromagnetic materials. In
* this situation, several different frequencies are usually used, either
k" simultaneously or in sequence, and defect detection is based on functions
b of the differences in response between frequencies.

! Eddy current NDE is sensitive to any change in impedance, not just to
; ' those changes caused by cracks. Changes in impedance can come from changes
@ in cross section, changes in the relative geometry between part and probe,
: inhomogeneities in the metal, and the presence of a nearby part, such as

E. stiffeners. The technique finds 1ts most important uses in those

inspection situations where the geometry is well defined and uniform, such
as tubing and sheet metal inspection and inspection of fastener holes for
radtal cracking.

In general, the disadvantages of eddy current NDE outweigh its
usefulness for inspecting damaged tank cars in the field.

2.2.6 Ligquid Penetrant NOE

This technique is based on liquids whose surface tension and viscosity
have been adjusted so that the 1iquid penetrates into very small and )
narrow operings, such as fine hairline cracks. The 1iquid usually is .
brightly colored or includes materials which fluoresce under ultraviolet .
1ight.

In use, the part to be examined is brushed to remove loose scale and
dust. Then 1t is cleaned to remove olls and greases; vapor degreasing 1is
the preferred method when possible, but appropriate solvents are often
used. The penetrant is then applied and allowed to stand on the part long

v . s
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enough for the liquid to penetrate into the cracks; five or ten minutes is
typtcal. Excess penetrant is carefully removed from the surface and a
"developer" is applied. The developer is usually a finely powdered dry
solid such as chalk, which now reverses the process and draws the penetrant
frcm the cracks. with visible-dye penetrants, the bright color contrasts
sharply with that of the developer, ravealing cracks as a line on the
surface. Fluorescent penetrants are examined under ultraviolet light for
cracks. A variety of materials, with and without separate developers, is
used. The sensitivity of the process can be controlled through the surface
tension and viscosity of the penetrant.

The 1iquid penetrant NDE process can be made fairly simple. Exceilent
results are obtained with equipment that consists of three different spray
cans, a brush, and some rags. The process has been automated for
surface-cracking inspections in nuclear power plants and other hazardous
applications. The results are viewed by remote closed-circuit television
in these situations.

If i1t becomes important to inspect damaged tank cars for fine surface
cracking that is not readily visible to the eye with slight magnification,
1iquid penetrant testing would be the method of choice because of the ease
with which good results can be obtained under the conditions contemplated.
The technique is superior, for this application, to the other surface
inspection methods considered. The drawbacks are that it would be
difficult and expensive to automate for remote sensing duye to the
unpredictable geometry of damaged areas, and that it cannot be used when
there are tightly adhering coatings of paint. (These would have to be
removed first, without "smearing" metal over crack openings.)

2.2.7 Qther Surface Inspection Technigues

There are other NDE techniques for inspecting surfaces for cracking.
If one simply measures the electrical impedance between two probes, using
the part to carry either alternating or direct current, one can infer the
presence of defects in a manner that is similar to that described for eddy
currents. The technique has similar 1imitations to eddy currents and, in

26




addition, is very sensitive to the electrical characteristics of the contact
between the probe and the part being examined. Conductivity measurements
would seem to have few, if any, advantages over other methods and several
drawbacks.

It is possible to detect defects at and near the surface by their
effects on the microwave reflectivity of the surface and the phase changes
these cause. Applications are primarily in large aerospace components.
Sensitivity is not as great as one would like for the kinds of defects
envisioned in the damaged tank car problem, and equipment needs appear to
be large and out of proportion to the usefulness in this application.

Laser interferometry has also been used to detect defects, both on and
near the surface and at depth in a structure. One first 1lluminates the
area with a coherent, narrowband laser and makes the first exposure of a
hologram. Then the part is stressed, either hydrostatically or simply by
local heating of a few degrees. The two exposures produce interference
fringes which describe the surface. Small differential movements of
fractions of micrometers across a crack show up as easily recognizable
changes in the fringe pattern. Equipment needs would be relatively large,
and development work would be necessary to put the method into the fleld
under emergency conditions. The one advantage of the method is that i1t is
potentially possible to examine for cracks and defects from a distance.

2.2.8 Radiography

Radiography is a large and useful NDE discipline. It will be
discussed here in terms of various combinations of radiation sources,
detectors, and information extraction techniques. The basis for the
technique is the fact that high-energy electromagnetic radiation (in the
x-ray and gamma-ray regions of the spectrum) is attenuated differentially
in passing through material objects. At a given energy, the attenuation is
proportional to the total electron density along a ray from source to
detector traversed by the x- or gamma-ray. Oenser or thicker regions
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attenuate more than lighter or thinner ones. The two-dimensional
attenuation pattern on the detector forms an image which is, in effect a
shadowgram of the objects between the source and detector.

In the familiar medica) or dental radicgraohy, the source 3s an x-ray
tube and the detector is film. The pattern on the film reveals details of
hidden structures.

Because of the way in which the shadowgram image is formed by
differential attenuation, radiography is not a very effective method for
detecting cracks; to be detected by radiography the plane of a tight crack
must 1ie nearly parallel to the line between source and detector. Randomliy
oriented cracks will seldom fulfill this condition.

In industrial applications, radiography is used primarily for verifying
workmanship and integrity of weldments. Most welding faults and defects,
except cracking, are readily observable. Nearly all construction codes and
standards call for radiographic inspection at one or more stages of
manufacture of large engineering structures.

Most industrial applications use film as the detecting medium.
Oepending on the application, film is exposed and processed in sizes
ranging from small pieces to very long rolis. Film is usually interpreted
visually.

Since the process usually involves making a “"shadowgram," the
sharpness of the image depends on the dimensions of the source of radiation
(the smaller sources giving sharper images) and on the distance between
source and detector. The effective diameter of the source in an x-ray tube
is usually a millimeter or two. X-ray machines, with their electrical -
power supplies and cooling equipment, are comparatively large. They are
used primarily in applications where the parts tn be examined can be
brought to the machine, though there are a number of exceptions.

Many industrial appiications require that the source be brought to the
part being examined, and that the equipment be significantly smaller than
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is possible with an x-ray machine. In this case the source is a small
capsule of a radioactive isotope which gives off gamma rays. This type of
source is necessarily significantly larger than the affective source in an
x-rdy tube, and the output is usuaily much lass, raguiring longer exposuras.

Film is expensive and its processing is time consuming. In many
large-volume operations and some special-purpose applications, the cost is
reduced and results improved by méking the detector a phosphor, sometimes
with electronic image intensification. Radiographic viewing becomes a
real-time process, where the object being viewed can be moved for
tnvestigation of particular areas. Systems of this type have been
developed by EG&G Idaho at the Idaho National Engineering Laboratory for
inspecting the contents of large numbers of drums containing Tow-level
nuclear wastes.

Computerized pfocessing is used in specialized applications to enhance
the diagnostic properties of images and to present radiographic information
in new and unusual ways. Computerized axial tomography is an example which -
was developed for medical uses and 35 beginning to be applied to some '
industrial problems.

It is to be noted that the object to be radiographed is always placed S
between the source and the detector, and the best results are obtained when '
the detector is as close as possible to the object. This places severe
restrictions on the usefulness of radiography in tank car assessment in the
immediate field situation. Further, the 1imited ability of radiography to
detect cracks makes its usefulness even more problematical. It does seem, )
however, that radiography would be useful and necessary at later stages of e
the operations when the tank car can be entered and is being assessed for -
repair, as well as during the repair operations.

2.2.9 Ultrasonics
Ultrasonics is a "classical” NDE discipline, having been used in

industry since shortly after the Second Worid War. The field is now
undergoing rapid expansion in the scope of applications; the amount and
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kind of information obtained; and the precision, reproducibility, and
reliability of results. This expansion comes about primarily because of
the rich variety of interactions sound has with the media through which it
srocagatas. [t can provide imaging of discontinuities, such as cracks, and
tejsuraments of their dimensions ana izcations, aicng wiin information on
the character of their surfaces. Under some conditions it can provide the
same information for metallurgically disturbed but otherwise sound areas.
Also, under some conditions, var1ét1ons in the speed of sound and in the
frequency content of ultrasonic signals can be related to more subtie
metallurqical properties, such as degree of work hardening, grain-size
varilations, and even some of the parameters affecting fracture toughness{
Further, ultrasonic techniques lend themselves to easily field-deployable
analysis systems of stgnificant sophistication for solving these types of
problems in real time or near-real time. EGXG Idaho has been an industry
leader in this field. Some of these latter possibilities are currently the
subject of extensive research efforts by EG&G Idaho and others, and have
potential application to tank ear assessment.

Uttrasound 1s usually generated in short pulses by a piezeoelectric
transducer. Ffrequencies commonly range from about a half megahertz to
perhaps ten or twenty megahertz. Sound is detected by the same or
companion transducers. The most used technique is a pulse-echo method
similar to sonar or radar. A pulse is sent out and its echo is evaluated
in terms of time of arrival (distance to target), echo ampiitude, frequency
content, and phase relations. Transducers are scanned over the part to
build up information on the three-dimensional relations within the part.

According to well-understood principles, sound is reflected or
scattered from any location where there is a change or discontinuity in the
product of the speed of sound in the material times the material density.
Hence cracks, which are discontinuities in both terms, are readily
detectable. Metallurgical damage without cracking can also change one or
both terms in the equation; these effects are more subtle, but often
observable. The wavelength of sound compared to target size is an
important parameter which modifies the scattering and reflection
Interactions so as to carry additional and very useful information.
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It has been demonstrated that small, fieldable systems based on
computer techniques are capable of extracting, analyzing, anu presenting
the results of ultrasonic testing quickly in easily usable form. Such
systaems hdve been in use at £5&G [daho for inservica inspection sinca
1977. Thesa systams are r2adily adaptaple in the field to a wice variety
of techniques.

Because of the wide variety of useful information which can be

obtained quickly in the field and the ability to operate remotely, if
necessary (once the tank car has been approached to emplace the scanning

device), ultrasonic techniques appear to have great potential for detailed
evaluation of damaged tank cars.

2.2.10 Other NDE Techniques

This brief survey by no means exhausts the field of NDE techniques
which may have potential for application in the damaged tank car problem.
It does iInclude, however, those techniques which meet the constraints of
sufficient state of development, use of the field-observable quantities,
raptdity of results, and ability to be used in the field under emergency
conditions.

Other technigues with no or quite 1imited usefulness for the problem
in question include neutron radiography {which obeys significantly
different attenuation and scattering laws than do x- and gamma-rays, is
difficult to use in the field, and will not supply additional needed
information), liquid crystals and similar materials for measuring local
temperature distributions (which require contact with the car to be
useful), helium leak testing (very sensitive, but requires access to the
interior of the car), and various techniques using radioisotopes which emit
alpha or beta rays {(useful in interrogating thin layers and surface
coatings, but not of large importance to this problem).
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2.3 NDE_Survey Conclusions

3ased on this survey, the following NOE techniques appear to be the
Tost premising for on-scene 2valuation of damaged tank cars. These
conclusions ar2 tantative. As the work proceeds, incr2ased «nowiedge of
the tank car problem may cause an adjustment in this evaluation.

1. The NDE techniques sultable for the initial remote assessment and
for determining the safety of approaching the tank car are:

a. Supported visual observation and inspection, as defined.
These determine gross conditions of damage, determine and

measure larger deformations, and assess general condition
and safety.

b. Infrared imaging. Determine existence, location, and
relative sizes of significant leaks.

2. The NOE techntques for detatled assessments at close range or in
coniact with the damaged tank car are:

3. Supported visual examination. Find finer details and

general observations not possible from remote location.

b. Ultrasonics. Make thickness measurements as an index to
local deformation, detect cracks and related defects in
critical and/or deformed areas, and (potentially) parameters
related to metallurgical variables of concern to safety of
further operations.

c. Acoustic Emission. Installed immediately on close approach;
detect small leaks, changes in leak rates, crack movements,
and movements and changes in structures that may signal the
onset of increased hazards--a safety device.
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d. Ligquid Penetrant Inspection. Detect surface cracking
{(primarily on convex deformations) that may be related to
structural weakness:; a secondary technique on first
acorodch, dut 2asy to use and potantiaily most usefui it tne
Tazar stiges

[}

f the oceration.

It should be noted that ultrasonic and acoustic emission sensing
can be operated remotely if necessary from the same basic system,
- once the scanning devices and fixtures have been emplaced.

1 3. NOE techniques potentially useful after unlading and during

{ recovery operations:
%' a. Liquid penetrant inspection to detect surface-breaking
defects on accessible surfaces. (These are quicker and more

precise, where applicable, than ultrasonics or radiography,
and fequire less equipment.)

b. Ultrasonics to detect buried flaws and defects and those
breaking on inaccessible surfaces.

c. Acoustic emission to detect and pinpoint structural o
responses to changes in loading and stress as the car is
being unladen or moved.
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3. NDE EVALUATION OF FLAT PLATE SPECIMENS

2 The work described in this Section was undertaken as a reconnaissance
survey to cetermine the techniques that would be needed and to establish an

igenaa for further worx, if the survey gave nromising resylts.

|| Ten deformed flat plate specimens were furnished to EG&G I[daho for
nondestructive evaluation. The specimens simulated damaged areas of tank
cars ranging from mildiy deformed through visible fractures and tears.
They were made of ASTM A-515 Grade 70 steel which exceeded the minimum

" standards required in the construction of railroad tanks cars. The plates
were 1.59 cm (5/8 in.) thick and 61.0 cm (24 in.) square. The
hemispherical tups which had been used to impact the plates were of three
stzes--5.08 cm (2 in.), 9.53 cm (3.75 in.), and 14.0 cm (5.5 in.)

® diameters. The plates were impacted as they rested on top of a die. Ffour

different die diameters were used: 15.2 cm (6.0 in.), 21.0 cm (8.25 in.),

27.9 cm (11.0 in.), and 34.9 cm (13.75 in.). Photographs of one of the

plates are shown in Figure 1.

)

The approach was to measure deformation parameters using NDE
techniques and attempt to correlate these parameters with physical and
. metallurgical measurements of damage and residual structural strength. The
ii rationale for this approach 1s that if reasonable correlations can be T
found, then remote observations may be used to establish probabilistic
bounds on the structural integrity of a derailed tank car. The bounds
could be narrowed in successive stages as personnel approach closer to the
® car, since the shorter distances would allow them to make successively finer
and more detailed measurements.
A variety of nondestructive examinations were applied, including visual
b inspection, liquid penetrant inspection, and various ultrasonic techniques,
. each under those conditions for which it was appropriate. Encouraging corre- g
;i_ lations were obtained between the degree of surface cracking and the various ;i
" measures of deformation. B
®
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a. Convex (bottom)vSide

‘ c. Cross-Section i
- Figure 1. Three Views of a Flat Plate Specimen Showing General Dent Shape ’{3
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[t was observed that all of the surface cracks run in the rolling
direction. This may indicate that the manufacturing process contributes to
a strength problem. The depth and radius of curvature of each deformea
ar2a wer=2 measured. Figure 2 is an example of 2lots that were made of dent
J&0tn as 3 functicn of dosition. These meacuraments would propbapiy ce
concucted remote.y wWhan in the fiald.

An ulirasonic thickness gauge was used to measure the thickness of all
areds on the specimens. Plots were prepared of thickness as a function of
position. Figure 3 is an example. It was noted that the fractures and
tears which were eastly found in the visual examination were located in
those areas with the greatest amount of thinning. Section thinning as much
as 32% was observed. Typical areas of severe thinning, which consist of
two lobes on the thickness plot of a plate specimen, are shown in
figure 4. Figure 5 shows a thickness plot of a plate specimen which was
not deformed enough to possess areas of severe thinning. Severe thinning
points to areas where structural strengths are 'n guestion. (Additional
data are given in Appendix A.)

Liguid penetrant inspectians were done on both the convex and concave
sides of the ten plate specimens to determine the degree of surface
cracking. A map was made for each specimen showing both stze and location
of all surface cracks and tears. This inspection showed no signs of
cracking on the concave sides of the dents except for the tears when the
total thickness was penetrated; therefore, only maps of the convex sides
are included. Ffigure 6 is an example of these maps.

The total length of surface cracks, number of surface cracks, and the
area showing significant surface cracking were taken from each map.
Statistical analysis shows excellent correlations between the degree of
surface cracking and various measures of deformation. The measures of
surface cracking and deformation compared are listed with their correlation
coefficients in Table 1. Plots of area of surface cracking versus percent
reductton in thickness, area of surface cracking versus maximum depth
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of dent, number of crdcks versus maximum depth of dent, and total length of
cracks versus maximum depth of dent are given in Figures 7 through 10.

Althouqn the corralations between sume of the measures of surface
friciing and gerarmdtiien are 2xceiient, tnese corralations ar2 Sasad on a
smail numper of sampies of one type of tank car material. If ihe
correlations hold up statistically with additional specimens and denting
modes, and if the cracking can be related reliably to adverse changes in
mechanical properties, then a very valuable tool will be available for
assessing structural integrity of damaged tank cars through remotely-made
measurements of deformation.

A computer-controiled ultrasonic imaging system was used for immersed
ultrasonic testing of the plates. Figure 11 shows a plate being examined
using this system. Ultrasonic inspections were used to locate areas of
distressed metal. These areas were assumed to

0 be near known cracks
0 be in otherwise "sound metal" (middle third of thickness})

] have relatively stronger echo signals at high frequencies than
low frequencies

0 have the same orientation as known cracks (which indicate stress
directions).

These properties were postulated for areas which contain severely disturbed
metaliurgy, where the part may be on the verge of outright rupture. One
would expect that the deformation, plastic flow, and/or formatilon of
incipient shear bands would change the grain structure and acoustic
impedance n such a way that partial reflections could be obtained; the
short lengths characteristic of the deformation structures would favor
reflections at higher frequencies (shorter wavelengths). The assumptions
of proximity to and orientation similar to known ruptures are simply
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Figure 11. Ultrasonic Examination of Flat Plate Specimen
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experimental conveniences to narrow the areas to be investigated. The
confinement of the search to targets that do not break the surface ("sound
metal") was intended to steer the tnvestigation away from obvious cracks.

The ‘nitial ultrascnic measuraments were made 2y scanning at a
fraquency of 2.25 MHz, followed by computer-generated imaging for
interpretation. No definite indications meeting the postuiated conditions
were found. Succeeding measurements concentrated on areas parallel to and
displaced from the centers of the largest ruptures. Targets meeting the
postulated conditions were found in these areas (see Figure 12). They seem
Tikely to represent the postulated zones of high mechanical disturbance on
the verge of fallure. Additional ultrasonic work, followed by careful
metallography, is needed to confirm this identification.

In addition, small point-like targets, and some of slightly extended
areas, were found in moderately deformed areas. This class of targets was
entirely absent in areas of 1ittle or no deformation, indicating that the
targets are assoclated with deformation. The determination of their exact
nature requires a more detailed investigation.

If further work confirms the preliminary interpretation of the
extended and point-like targets as representing severe and moderate damage,
respectively, preceding failure, and if the same or similar phenomena are
found in other tank car materials, then ultrasonic measurements made in
situ on damaged tank cars will be a powerful tool for assessing tank car
status in the fleld. It is conclusive, however, that these targets do
point to areas of deformation where fracture toughness and strength
parameters should be investigated for possible correlation with
field-observable quantities.
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These contoun plots were generated by the wltrasonic
imaging system. The system produces maps of the part
in which the contours are &ines o4 equal reglected
sonic dntensity. One reads these maps much Like a
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Figure 12. Contour Plots Generated by the Ultrasonic Imaging System of Flaws

in Metal
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4. FRACTURE MECHANICS

Tank car failures result from an interaction between defects (cracks)
and stress which can be quantified using linear-2lastic fraciure mechanics
"LZFM}. A bria€ explanation of fricture mechanics is arovided here alcng with
sampie analysas corresponding tc damaged and undamaged tank cars. The interest-
ed reader is referred to References 34-6 for additional information on fracture

mechanics.

Failure occurs when KI (applied stress intensity factor) equals KIc
(plane strain fracture toughness). Ky is a function of the applied stress (o)

and the crack depth (a) as shewn in Eguation 1:

K. = Yo (a) V2, (1)
where Y is a geometric parameter. KIc is a material property which may vary as
a function of temperature, strain rate, the heat of the specific material,
etc. Therefore, for accurate predictions of structural integrity, it is neces-
sary to know KIC for the stock from which the component of concern was fabri-
cated. In many instances this is not possible, so estimates of the lower limit
of KIc for the type of material (to be on the conservative side of a failure
prediction) are used to assess structu-al integrity.

The plates of ASTM A515 Grade 70 steel, which were already examined ncn-
destructively, were used to illustrate an approach based on fracture mechanics
that can be used to estimate tank car structural integrity. This discussion is
separated into the following subsections: Estimation of Fracture Toughness,
Calculation of Failure Condition, Discussion, and Results and Conclusions.

42. W. Hentzberg, Defommation and Fracture Mechanics oj Engineerning Mater-
{als, Ind Editicn, New Yoak, John Willey and Sons, 1330,

SA. S. Tetelman and A. J. McEuily, Jn., Fracture of Structural Materials,

New Yonrk, John Wiley and Sens, 1967,

°S. T. RoZje and J. M. Barsom, Fracture and Fatigue Contiol in Stwctures,
Applications of Fracture Mechanics, New jewey, Prentice-Hall, Inc., 1977,
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4.1 Estimates of Fracture Toughness
{‘i The DOT specifications for ASTM A515 Grade 70 (A515-70) steel for use in
Eu +he construction of railroad tank cars do not require that the material nmeet
:i 3 minimum {racture toughness parameter, i.e., a miaimum Charpy Y-notcn LOUN;
?ﬁ impact energy, nil-ductility transition temperature (NOTT), Kie» 8tC, 35 3
.IE function of the minimum operating temperature; (The chemical and mecnhanica!l

E oroperty requirements are given in Table Z2.) /.3 Since the 00T specifications

! do not contain any minimum requirements for fracture toughness, a literature
search was conducted to develop a data base for A515-70. The data base was to
include CVN, NDTT, and fracture toughness measurements for temperatures rang-
ing from 211 to 344 K (-80 to 160°F) for base metal and weidments. The results
of this Titerature search showed that these data are not available. This has
since been confirmed in discussions with representatives of steel r:ompam'es.g'11
The cnly data obtained were NDTT of 294 K (70°F) for two heats of A515-70
and Dynamic Tear results for test temperatures ranging from 227 to 339 K

(-50 to 150 OF). 12-14

7 Annual Book of ASTM Standards, Part 4, 19§1.
§

"Hazardous Materials Regulations cof the Department of Transportation,” Tanif4
No. BOF-6000-8, Subpart C, pp. 512-514, United States Government Printing
0f4ice, December 22, 1981,

9A. wilson, Lukens Steel Co., Coatesville, PA, Private Communication %o M. A.
Tuppenr, EGEG Idaho, Septamber 15, 1983

R. Brown, Undited Siates Steel, Pittsbungh, PA, Puivate Communication to M. A.
Tupper, EGEG Idaho, September 15, 1983

10

Te, 0. spaeder, U.S. Steel Research, Pittsburgh, PA, Private Communication %o
d. A. Tupper, EGSG Idaho, September 15, 1983,

129, w. Abritton, "Avoiding Brittle Fracture in Cold Formed ASTM AS15 Steef —
Metal Progress,” pp. 115-120, September 1970,

'3y, w. pettini, R. D. Eiben, and L. L. OLson, " Phase 03 Report on Fracture

Propenties 04 Tank Can Steels - Characterization and Analysdis," Rercxt Ne.

RA-03-4-32, RPI-AAR, Tank Car Safety Research and Test Project, August 20,

1975,

I4]. C. Newman, Jn. and S. Raju, "Analysdis of Sutface Cracks (n Findlte Plates
Under Tension or Bending Loads,” NASA Techndical Paper 1578, Decamber 1979,
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Because of the lack of data, two plates from the ten supplied to EGAG
Idaho were used to estimate the fracture toughness of the undeformed and
the deformed material. Figures 13 and 14 provide schematics of the two
2i3tes showing the thickness measurements and the jocation of tast
spacimens. gdacause of time and material limi:ations, it was not zos:i'd’e
10 develop valid plane strain fracture toughness (KIC) measuyrements.
Therefore, estimates of KIc were made using the true stress-true strain
curve developed from tensile specimens (Table 3). These tests were
conducted at 294 K (70°F), and 1t is not possible at this time to identify
1f the change in KIc is due to an increase in NDTT or a decrease in the
upper shelf value.

4.1.1 Calculations of Fracture Conditions

The 1imited data from the literature suggest that NDTT >-60°f, which
means that brittle fracture could occur under normal operating conditions.
The substantial reduction in KIC (Table 3) and the development of cracks
due to deformation suggest that the possibility of catastrophic failure is
substantially greater for a damaged tank car than for an undamaged car.
This section 11lustrates the use of LEFM concepts for predicting conditions
for failure and identifies areas where additional work 1s required.

If sufficient fracture toughness, KIc' data versus test temperature
had been available for A515-70, a statistical analysis would have been
conducted to establish a lower bound using an acceptable probability of
overestimating KIc' Since these data were not available, the
experimental estimates of KIc in Table 3 were used for this analysis.
From Equation 1 it 1s apparent that crack size and stress interact to
determine KI' e.g., for a small stress 1t requires a substanttal flaw
size for KI = KIc‘ The DOT specification does not identify an upper
1imit for the design stress; therefore, for i11lustrative purposes 1t fis
assumed that the design stress 1s at least as low as the smaller of
1/3 ultimate tensile strength (auts) or 2/3 yleld stgength (°ys)’
which corresponds to 161 MPa (23.3 ksi) for AS515-70.
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The defects generally encountered or postulated in a component are car-
ti31 penetrating flaws either on the surface or embedded. Since surface flaws
0f the same size as embedded flaws are gererally more detrimental, assuming

23¢ch 75 axocsed o similar stresses, cniv zurfice Tlaws ire Jdizcussad Rare

TAC INIT SRS are used: Sne Tor an undimaged LTanK Cir where tn2 ocrisioal FTaw
size is calculatacd based on tne azcoifed stres ‘- ) = 131 MP3 (Z3.3 <1, :ng
¢ =110 MPaem*/ 2 (1co ksi-in.*’g) in Table 2, ard the second or a damaged.
+ank car where the maximum allowaple stress is calculated using KIc = 100 (ggb)

1 1
= 44 MPa-m‘/2 (40 ksi-in.‘/z) and the crack depth corresponds to those measured
by NDE.

4.1.2 Critical Flaw Sizes for Undamaged Tanks

The general equation for calculating KI (Equation 1) is not directly
3naiicable for surface flaws. Equation £ s frequently used for surfics cracks.

3.1
K, =1 ¢ (—a)-/z (2)
* Q
where
M = the stress-intensity boundary correction factorl4
o} = applied stress = 23.3 ksi
3 = crack depth
- 1.65 c v o
Q = 1 +1.464 (a/c) (shape factor for eiliptical crack).
M=o, (at)? e My (et f, s (3)
1 l2 / |3 3 Vg 3 \
where

“, = 1.13 - 0.09 {a/c)

0.89

3.2 +a/c
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_ 1.0 24
M3 = 0.5 - m + 14 (1.0 - a/C)

- n 5 2 - 2
g = 1+ [0.1 +0.35 (a/t)"] (1 - sin 3)

! , T o, P
MACTEICE Ca ld gl STRTTLG

L5 measuted rweund ihe ol A :
o 0% (maxcrwn depdhi ]

N

- = wlam sl S

I 2= U atte '5(14;‘)‘..\_(’,; «
N

f? = [(a/c)2 cos® 5 + sin® 3]1/4
e = [sec —g% (a/t)1/2112 (#inite width correction)

(4]
]

= one-half crack length
material thickness ,

Critical flaw sizes are calculated for two extremes in aspect ratio (a/2c) and
for KI at the free surface and at the maximum depth for the surface flaw. The
correlation between applied stress and flaw sizes is given in Figure 15. This
figure may be used to identify the critical crack depth for a given value of
KIc'

4.1.3 Failure Conditions for a Damaged Tank Car

Equation 2 was used to calculate the critical crack depth (a) and applied
[c = 33, 44, and 55 wpa-n’/? (30, 40,
and 50 ksivin.l/z) for the damaged tank cars of wall thickness (t) = 12.2 mm
(0.48 in.). These values of KIc were selected for a sensitivity analysis. The
results of these calculations are shown in Figure 16.

stress relationship corresponding to X

4.2 Discussion

The data base of fracture toughness parameters versus temperature is in-
adequate for developing a statistically based correlation between KIc and

temperature, It was necessary to estimate K, to illustrate the analytical

Ie
approach for calculating the critical flaw depth, for undamaged tank cars, and

for calculating the critical flaw depth-stress correlation for damaged tanks.
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Figure 15. Correlation Between Applied Stress Intensity Factor and Crack
Depth for Two Extremes in Aspect Ratio for the Undamaged Tank

Car
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Figure 16. Correlation Between Applied Stress and Crack Depth for Three
Values of KIc with a/2¢ = C.1
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34.2.1 Undamaged Tank Cars

1/2 ( 1/2)

The estimate of KIc = 110 MPa+m 100 ksi-in. in Table 3 for the
undamaged tank car material at 294 K (70°F) was used to calculata the crizical
crack decth {i.e., that which weuld cause failure) if the 16.2-mm {0.8-in.;
<hick wall was exposed to a stress of 161 MPa (23.2 «si). The results of tnesa
calculations are shown in Figure 15 for a/2c = 0.1 and a/2¢c = G.3, where 2¢
is crack length. The peak KI values occur at maximum depth for a/2c = 0.1 and
at the free surface for a/2c = 0.5. Experimental evidence suggests that when
K: (at the free surface) = KIc,crack initiation will frequentiy not occur due
to the piane stress {as opposed to plane strain) condition at the free surface.

Under plane stress conditions K > Kfc ; therefore, crack initiation

critical
occurs somewhere else around the perimeter of the crack. The curves represent-

ed by the solid triangles and the open circles in Figure 15 bound the condi-
tions for failure. For analytical purposes, a conservative estimate was made
that the failure conditions are governed by the plot for a/2c = 0.1 in Figure
15. The calculated conditions for failure are given in Table 4. For a = t,

Ky < K [110 MPa-m/Z, (100 ksi-in.!/?
fore failure. (This does nat take into consideration the stored energy in the
tank car.) Figure 15 is helpful in illustrating the sensitivity of the criti-

)], which means the tank should leak be-

cal crack depth to KIc' For example, since References 7 and 8 do not specify
any fracture toughness requirement for A515-70, it is 1ikely that the lowest
service temperature of nominally 222 K(-60°F) is less than NDTT. For this

1/2 (40 ksi-in.l/z) corresponds to 2 critical crack
depth (Figure 15 and Table 4) of a = 0.99 cm (0.39 in.). This is a substantial

crack size which explains the relatively few failures that have occurred under

situation, KI” v 44 MPaem

normal conditions.

4.2.2 Damaged Tank Car

For the damaged tank car, where the wall thickness had been reduced
25%, Table 3 shows the estimated value of KIC = 44 HPa-mV2
(40 ks1-1n.]/2). Figure 16 shows a plot of critical stress versus

crack depth for three values of KIc' An example of how these plots may

be used is as follows:
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(1) NDE revealed an estimated average crack length of 1.27 cm
(0.5 in.) (disregarding the small defects) and a maximum crack
length of 44.5 mm (1.75 in.) (not penetrating the wall
*hickness). Thesa measurements were optained frem 27at2s 15 ind
22 Lneraz 349.2-mm {13.7%-in.) and 279-mm {(1i.J-in.) die diameters
were used, respectively, with a 140-mm (5.5-in.) tup

(2) K;_ =44 WPaem'/% (40 ksiein, /2

)
(3) Figure 16 shows for a/2c = 0.1

if a = 0.44 cm (0.175 in.), then o
ksi).

critical ~102 MPa (40

t should be pointed out that the values % itical include residual

plus applied stresses If KIC is reduced from 44 to 33 MPa-. m”2

(40 to 30 ksi-m ), then the critical stresses are reduced as shown in
Table 4.

A similar set of curves for a/2c = 0.5, provided in Figure 17, are
used to make a comparison of the critical stresses shown in Table 4.

172 172

For K 44 MPa.m (40 ksietn. " %),

Ic

if 2c = 12.7 mm (0.50 in.) and @ = 6.4 mm (0.25 in.), then

Ocritica] = 372 MPa (54 kst) which appears to be less than
the extrapolated value in Figure 16 for a/2c = 0.1 for the same
crack length

if 2¢ = 23.4 nm (0.92 in.) and & = 11.7 mm (0.46 in.), then

O ritical = 223 MPa (32.3 kst)

For KIC = 33 MPa»mV2 (30 ks1-1n.]/2).

if 2¢ = 23.4 mm (0.92 in.) and @ = 11.7 mm (0.46 in.), then
= 60.5 MPa (23.8 ksi).
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Figure 17. Correlation Between Applied Stress and Crack Depth for Three
Values of K;.  with a/2¢ = 0.5
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4.2.3 General Discussion

The above calculations illustrate the potential applicability of LEFM
tacanigues for predicting faiiure conditions, e.3., structuril intagrity of
damaged tank cars. The analyses in Sections 4.1.1 through 4.2.2 alsc illus-
trate the sensitivity of the failure criterion to KIc' Therefore, it is neces-
sary to have conservatively low estimates of KIC for the undamaged material.
The next requirement is to relate the change in KIC as a function of deforma-
tion, which requires information regarding the magnitude of deformation for
actual damaged tank cars. It would then be necessary to develop a correlation
between reduction in thickness and change in KIc' Because of the lack of data
for A515-70, it is suggested that an alternate material be selected for eval-
uation.

Figure 16, which shows the sensitivity of the critical crack depth to
stress, suggests the need for a stress analysis of a typical damaged tank car
using different loading points and techniques on being moved. The magnitude of
these stresses could then be used in conjunction with Figure 16 to estimate

the accuracy needed for measurements of KTC and NDE measurement of crack depth.

It is 1ikely when smaller crack sizes are considered that the predicted fail-
ure stresses will exceed the yield strength,or the stress associated with
moving the damaged component will exceed the yield strength in a localized

region. This condition (¢ > o invalidates the use of LEFM concepts. A

)
research program at the INEL,yiunded by the U.S. Department of Energy - Basic
Enyineering Sciences (DOE-BES), includes testing of surface cracked specimens
uts)‘

The results obtained from this research activity will be useful for predicting
conditions for the crack to penetrate the wall thickness for elastic-plastic

conditions and for failure for elastic and elastic-plastic conditions. No

where failure ranges from elastic (o < °ys) to elastic-plastic (o <o

discussion of weldments has been attempted in this activity, but they are
potentially the most troublesome areas from the viewpoint of a failure.

The materials accepted for fabricating tank cars consist of the following:

ASTM a515-70, Grades 55, 60, 65, and 70,
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ASTM A285-70a, Grades A, B*, and C*,

ASTM A516-70a, Grades 55*, 60*, 65*, and 70%*,
ASTM A537-70, Grade A*,

ASTM 202-7Ca, Srade B,

and ~AR TC 128-70, SGrades A and 2.

0f these materials, those with an asterisk are included in Table 16 of ASTM
A-20( Reference 7 ) which identifies the minimum temperature at wnhich a mini-
mum Charpy V-notch impact (CVN) energy has to be obtained. These requirements
are not in Reference 8, but since they exist there should be substantial data
available. One problem will be to estimate KIC based on CVN data.

63

-
a4 .4 4 4




5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

‘i This study was undertaken as a reconnaissance effort. It was limited
‘n time and scope. The objectives were to attempt to define more clearly
102 3ccope of the averal) proDism and tne arzas in wnich future dSE ang

friaciure mechanics/metdliurgical 2fforts mignt most profifaply Se adiracrag.

The investigations were quided by the accident-recovery scenario
developed in Section 1 of this report, and for the NDE portions, the
observable quantities discussed in Section 2. This scenario has an
:a emphasis on the speed and safety with which valid observations can be
made. It involves an increasing degree of contact with the damaged car,
based on the safety information obtained in prior steps, with an 5

incredasingly detailed series of observations and an increasingly greater
certainty of the status of the damaged tank car with minimum personnel
exposure tc hazard at each step. ]

The NDE and fracture mechanics work presented are very preliminary and
represent a very small statistical base. Confirmatory measurements in
iil other matertals are clearly needed. Extended efforts involving measurement
of additional variables are also needed. Finally, it 1s clear that, to be
userul, these efforts must be extended to a significantly greater '
d statistical base, with many more specimens investigated in detail. .

RPN O S Y e W

These results were obtained with plates which had been dented in
well-controlled tup-and-die tests. This process appears to leave artifacts
which may or may not be typical of what would be expected in the real
sftuation. OQOne of these artifacts is that the observed thinning ts most 1
severe In the region where the edge of the spherical tup last contacts the
plate at the outer diameter of the tup. It would be of impaortance to know
if this type of artifact is typical in real tank car wrecks; tank-car - k
acctdent photos could possibly help resolve the point. ‘

A closer look at the utility of infrared and acoustic emission :
techniques s needed but is best reserved for later in any program. i
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5.1 Visual Observations

There are axcellent statistical correlations (with, however, an
admitiedly small number of samples) batween dent depth, dent radius, and
caveral measures of the extent of fine surface crackxing on the convex sides

I . of dented plates. If the assumption is made that the surface cracking is
indicative of thinning and at least local reduction in fracture toughness,
remote measurements of denting pafameters can lead to valid and at least

semi-quantitative preliminary assessments, from a safe distance, of the
status of a damaged tank car.

The connection between local surface cracking, thinning, and reduction
in metallurgical parameters (fracture mechanics) is not yet complete. [t
) is recommended that future efforts be made in this area.

Since the majority of the surface cracking is on the convex side of
the dents, it will not be accessible for direct 1iquid penetrant tests in
the field.
of the part can be performed ultrasonically; in the present instance, the
1iquid penetrant tests served as a rapid and accurate method for locating

If necessary, tests for surface cracking on the concealed side

|2

and quantifying areas requiring further investigation by other means.

5.2 Ultrasonic Examination

Ultrasonic techniques were used as the primary investigative tool
) because of the rapidity with which quantitative results can be obtained and
visualized, and for other reasons summarized in Section 2.

The first ultrasonic tests were measurements of local thickness in all

y areas of all ten plates.
simple to automate.
of thinning, as observed
parameters (Section 4).

; conclusions which can be
general, it would become

These can be made rapidly and are relatively

There was an excellent correlation between the degree

ultrasontcally, and measured fracture toughness
Again, the small number of samples 1imits the
made, but if this effect should prove to be

a powerful tool tn rapidly obtaining detatled

strength and fracture-toughness information in situ on a damaged tank car.
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b The uitrasonic imaging showed, as expected, that known cracks couid be

f detected and their sizes estimated in a variety of configurations that

!‘i would He 1ikely to appear in the field. B8eyond that, the detection of two

1 c issas of nigden targets which are interoretad as areas of saveraly
m25.02d mecnanicil prozertias (pencing Turtner investigation; suggests that
more suptie metallurgicai changes of importance may be obsarvable in the

field. This also should be investigated further.

In summary, the experimental NDE effort provided very encouraging
results, in nearly every instance confirming initial hypotheses on what
could be expected. The results show that there are a number of
field-observat™: NDE quantities (beyond the obvious ones of

surface-breaking cracks) which seem to correlate with important mechanical
parameters. In one instance a diract correlation was demonstrated; in

others the correlation is inferred and should be pursued. There are 1
reasons to believe that other important observable quantities exist. ]

5.3 Fracture Mechanics

The critical values of applied stress-crack size calculated for
different values of KIc show the usefulness of the fracture mechanics
concepts and identify areas where additional work needs to be performed. .
Based on a fracture mechanics analysis, Section 4 identifies each of the :
parameters required for predicting the safety of moving 3 damaged tank car
and provides recommendations to increase accuracy while reducing
conservatism.

The data base of KIc
inadequate for developing a statistically based correlation between KIc
and service temperatures [222 to 344 K {-60 to 160°F)]. It would be
necessary to conduct an experimental test program for A515-70. An ]

versus test temperature for A515-70 is

alternative approach would be to conduct a literature search for fracture
toughness data for ASTM A516 Grade 70. A number of publications were found
and several addittonal sources of A516 data identified. The availability
of data would substantially reduce the extent of testing needed to develop

66

........................
.........................

.................. N T M I
e e et e e B B B e Tt T Bt B B B e S e i e P U S S AP I T T BRI Y V4

. . .
L",’Ag‘ Ak e aalalal




NSl o
T ®

''''''''''

.the desired data base. The decision of which base material and weldments
would be selected should be based on relative use of the materiais in
rabricating (past, present, and futura) railroad tank cars.

idaitiond) racommendations are:

1. Conduct an elastic-plastic stress analysis of a typical damaged
tank car. Conduct an elastic or elastic-plastic stress analysis
using different loading points and techniques for moving a
damaged tank car.

2. Determine the magnitude of deformation for actual damaged tank
cars.

(&)

Establish the percent reduction in KIC as a function of percent
reduction in initial thickness.

4. Conduct verification tests using damaged tank cars.
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APPENDIX A

Plate Thinning Data

For sach of the ten nlates examined, d4ial micrometer measurements of the

dant, Jltrzsonic measurements 2F the nlifa thickness, znd macs of the surface
crzicks were made. Tnis aogendix contains the Figurss showing tnese data and
tne figures are as follows:
Page
Number

A-la. Dial Micrometer Measurement of Dent Depth (DH-25-04-83-07-160) .... 71

A-1b. Ultrasonic Measurement of Thickness (DH-25-04-83-07-160) .......... 71
A-lc. Map of Surface Cracks on the Convex (Bottom) Side (DH-25-04-83-07-

110 T U STz
A-2a. Dial Micrometer Measurement of Dent Depth (DH-25-04-83-10-160) .... 72
A-2b. Ultrasonic Measurement of Thickness (DH-25-04-83-10-160) .......... 73
A-2c. Map of Surface Cracks on the Convex (Bottom) Side {DH-25-04-33-10-

L0 A 73
A-3a. Dial Micrometer Measurement of Dent Depth (DH-25-04-83-14-160) .... 74
A-3b. Ultrasonic Measurement of Thickness (DH-25-04-83-14-160) .......... 74
A-3c. Map of Surface Cracks on the Convex (Bottom) Side (DH-25-04-83-14-

10 AT 73
A-4a. Dial Micrometer Measurement of Dent Depth (DH-25-04-83-18-160) .... 76
A-4b. Ultrasonic Measurement of Thickness (DH-25-04-83-18-160) .......... 75
A-d4c. Map of Surface Cracks on the Convex (Bottom) Side (DH-25-04-33-18-

4 ) 77
A-5a. Dial Micrometer Measurement of Dent Depth (DH-25-04-83-19-160) .... 78
A-5b. Ultrasonic Measurement of Thickness (DH-25-04-83-19-160) .......... 78
A-5¢c. Map of Surface Cracks on the Convex (Bottom) Side (DH-25-04-32-19-

550 1) 79
A-6a. Dial Micrometer Measurement of Dent Depth (DH-25-04-83-22-160) .... 30
A-6b. Ultrasonic Measurement of Thickness (DH-25-04-83-22-16C) .......... 30
A-6c. Map of Surface Cracks on the Convex (3ottom) Side (DH-25-04-83-22-

=10 s1
A-7a. Dial Micrometer Measurement of Dent Depth (DH-26-04-83-02-160) .... $2
A-7b. Ultrasonic Measurement of Thickness (DH-26-04-833-02-160) .......... 82
A-7c. Map of Surface Cracks on the Convex {Bottom) Side (DH-26-04-83-02-

LT A 33
A-8a. Dial Micrometer Measurement of Dent Depth (DH-26-04-833-05-180) .... 34
A-3b. Ultrasonic Measurement of Thickness (DH-26-04-83-05-160) .......... 34
A-8c. Map of Surface Cracks on the Convex (Bottcm) Side (DH-26-04-33-05-

180 it e e e 35
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Page
Number

‘i A-9a. Dial Micrometer Measurement of Dent Depth {DH-25-04-83-13-1560) .... 24
5

3 A-8b, Ultrasonic Measurement of Thickness (DH-2% 24-82-12-i8C) .......... 3
r CL3 . £ T p<a A ag et -t " A (2at<am) Sice (DH<? 4-.232."12
- ~=2C. Map of SurTaca {racks an <he Convex (dotiom) Jicde (CH-25-04-3Z-13-
= 51 37

A-10a. Dial Micrometer Measurement of Dent Depth (DH-26-04-82-16-150) .... 87
‘i'; A-10b. Ultrasonic Measurement of Thickness (DH-26-04-33-16-160) .......... 87 . |
! A-10c. Map of Surfac2 Cracks on the Convex (Bottom) Side (DH-26-04-33-16- 1
i 180 ittt it ettt et et e et et et et e 88
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LIST OF SYMBOLS

LEFM Linear-elastic fracture mechanics
<, Applied siress intensity factor
i KIc Plane strain fracture toughness
g Applied stress
i: Y A geometric parameter
CVN Charpy V-notch impact energy
| 3
o NDTT Nil-ductility transition temperature
3 .
\ MPa Mega pascal
ks K1lo pounds per square inch
M Stress-intensity boundary correction factor
a Crack depth
0 1+ 1.464 (a/c)1.65 {shape factor for elliptical crack)
Y [+ M (a/t)2 + M, (a/)}1 8, £ g
1 2 3 b W
M] 1.13 - 0.09 (a/c)
0.89
"2 -0.54 + 52 v arc
1.0 24
H3 0.5 - 065 + arc " 14 (1.0 - a/c)
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9 1+ {01 + 0.35(as4)2] (1 -sin )2 [where ¢ is
medsured around the circumference of the flaw starting at
¢ = 0 (free surface) to ¢ = 90° (maximum depth))

F¢ = [;a/c‘,2 coszo , sin2¢}1/4
. . TC 1/2
f = Finite width correction = [sec ¢ Jast)]
W 2 Vv -
¢ One-half crack length
t Material thickness
a/2c Aspect ratio
3 m Meter
J
[
f mm Millimeter
in. Inches T
Kcritical Critical stress intensity factor
% ritical Critical stress
:: Tuts Ultimate tensile strength o
b .-
] a Yield stress
o ys 1
Yapp Applied stress .
S ~1
MHz Megahertz
N
.]
A B
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